We use the ultraviolet and optical WFPC2 and near-infrared NICMOS images of the Hubble Deep Field North to measure and statistically compare an array of parameters for over 250 of the galaxies it contains. These parameters include redshift, rest-frame visible asymmetry and concentration, bolometric luminosity and extinction-corrected star formation rate. We find only one strong correlation, between bolometric luminosity and star formation rate, from which early-type galaxies noticeably deviate. When our asymmetry measurements are combined with those of a sample of nearby galaxies covering the full Hubble sequence, we find a weak correlation between redshift and rest-frame visible asymmetry, consistent with the qualitative evidence of galaxy morphological evolution from these and other deep Hubble Space Telescope images. The mean values of these asymmetry measurements show a monotonic increase with redshift interval over the range 0 < z < 2, increasing by a factor of approximately three. If this trend is real, it suggests that galaxy morphological evolution within the last ~ 70% of the Hubble time is a gradual process that is continuing through the present cosmological epoch. There is evidence that the dominant source of this evolution is the "minor" mergers of disk galaxies with smaller companions, which could also transform late-type spiral galaxies to early-type spiral galaxies. Interestingly, in contrast to local galaxies we find no correlations between galaxy star formation rate and either UV or visible asymmetry. This could arise if the star formation of high-redshift galaxies proceeds in episodes that are short (~ 100 Myr) relative to the time scales over which galaxy mergers produce strong asymmetries (~ 500 Myr), a result suggested by the high star formation rates of Lyman break galaxies.
INTRODUCTION
A major achievement of the Hubble Space Telescope (HST) has been the discovery that galaxies at intermediate and high redshift are often interacting, paired, or are otherwise morphologically peculiar (see e.g. Burkey et al. 1994; Glazebrook et al. 1995; Abraham et al. 1996a Abraham et al. , 1996b Driver et al. 1998; Im et al. 1999; van den Bergh et al. 2000) . Concern that this apparent peculiarity is the result of viewing galaxies above z ~ 1 in the rest-frame ultraviolet, in which their emission is dominated by clusters of OB stars, has largely been alleviated by images from the Near Infrared Camera and Multi-Object Spectrometer (NICMOS) instrument, which provide a "morphological K-correction" for galaxies above such redshifts by covering their rest-frame visible emission. NICMOS images of the Hubble Deep Field North (HDFN), in combination with the visible images obtained by the Wide Field Planetary Camera 2 (WFPC2), have revealed a generally good (but not uniform) correspondence between the morphologies of z > 1 galaxies in rest-frame ultraviolet and visible portions of their continua (Bunker 1999; Dickinson 1999) . Corbin et al. (2000a) also find a larger fraction of peculiar/interacting galaxies at intermediate redshift in the NICMOS parallel fields than is observed in the local universe. In addition to this increase in morphological peculiarity with redshift is the evidence of a concurrent increase in the fraction of photometric and kinematic galaxy pairs (e.g. Neuschaefer et al. 1997; Le Fevre et al. 2000) . These results present strong evidence that galaxies have undergone significant structural evolution within the last ~ 2/3 of the Hubble time, an evolution in which merging appears to play a key role, and generally support hierarchical models of galaxy formation (e.g. Baugh et al. 1998; Kaufmann et al. 1999) .
Galaxy star formation rates also show a strong increase with redshift, at least to z ≅ 1.5 (e.g. Madau, Pozzetti & Dickinson 1998; Thompson, Weymann & Storrie-Lombardi 2000, hereafter TWSL) . While the form of this evolution above z ≅ 1.5 remains highly uncertain due to the role of dust obscuration and selection effects (see TWSL and references therein), it apparently proceeds concurrently with the aforementioned morphological evolution. Similarly, this morphological evolution should at some level be 4 accompanied by an evolution in galaxy luminosity and size. However, the aforementioned studies have generally concentrated on the change in only one of these quantities with redshift, rather than investigating their interrelationships. Galaxy morphological evolution has also not been properly quantified: The existing evidence of it is based on qualitative and subjective classifications of the galaxies in the HDFN and other deep HST images (e.g. Im et al. 1999; van den Bergh et al. 2000) . Abraham et al. (1996a) attempt such a quantification using measurements of the asymmetries and concentrations of HDFN galaxies in the I band image, but their results are limited by the lack of redshifts available for the objects at the time of their study, and by the associated lack of a morphological K-correction provided by NICMOS images for the z > 1 galaxies in the field.
These issues have motivated us to perform a statistical analysis of the galaxies in the HDFN involving all the potentially correlated parameters, and in particular to attempt to quantify their morphological evolution. The NICMOS images of the HDFN importantly extend the coverage of the rest-frame visible emission of its galaxies to z ~ 3, thereby allowing their comparison with galaxies at lower redshifts and in the local universe. We specifically seek to investigate the relationships between all relevant quantities, including redshift, asymmetry, concentration, size, bolometric luminosity and star formation rate, using measurements from the combined WFPC2 and NICMOS images of the field. Such an analysis will in principle place more comprehensive constraints on models of galaxy formation and evolution than are currently available, modulo the limitations inherent in the small area of the HDFN. We additionally include in some of our comparisons measurements made for nearby galaxies, in order to extend our analysis to the current cosmological epoch. Our approach is similar to that successfully applied in studies of quasar spectra (e.g. Boroson & Green 1992; Corbin & Boroson 1996) , i.e., we test each measured quantity for correlation with every other quantity, and apply a principal components analysis to the resulting correlation matrix as a means of establishing the dominant sources of variance in the sample. In the following section we describe our data and measurements. In § 3 we present the results of our statistical analysis, and conclude with a discussion of them in § 4. All redshift-dependent quantities have been scaled to a cosmology of H 0 = 65 km s -1 Mpc -1 , Ω M = 0.3, Ω Λ = 0.7.
2. DATA AND MEASUREMENTS
Our analysis is based on the final HDFN WFPC2 images of Williams et al. (1996) and the NICMOS images of Thompson et al. (1999; hereafter T99) and Dickinson (1999; hereafter D99) , the latter retrieved from the HST archive and calibrated in the same way as the T99 images. All images have been dithered and drizzled as described in Williams et al. (1996) and T99. The D99 NICMOS images cover the same area as the WFPC2 images, while the T99 images consist of a single NICMOS Camera 3 field, covering approximately one-fifth of the total WFPC2 area. The T99 images go slightly deeper than the D99 images, and so were used in the area in which these images overlap.
Luminosities, Star Formation Rates, and Related Quantities
TWSL have used the T99 images in combination with the portion of the WFPC2 images that they overlap to measure galaxy fluxes (when possible) in each of the six associated filters (F300W, F450W, F606W and F814W of WFPC2, and F110W and F160W of NICMOS, the latter centered at 1.1 µm and 1.6 µm). The addition of the NICMOS fluxes greatly improves constraints on the galaxy spectral energy distributions (SEDs). TWSL have used these new SEDs to measure the object photometric redshifts, bolometric luminosities, and star formation rates using a detailed galaxy spectral template fitting procedure. This procedure uses an array of galaxy SED templates which cover a range from very actively star forming objects to objects dominated by evolved stellar populations. Specifically, starting from a basic set of six templates derived from Coleman, Wu & Weedman (1980 ), Calzetti, Kinney & StorchiBergman (1994 and the 1996 version of the Bruzual & Charlot (1993) SED library, TWSL apply the galaxy dust extinction law of Calzetti, Kinney & Storchi-Bergman (1994) for various amounts of extinction to create an effective array of 51 templates covering a wide range of star formation rates and internal extinctions. A correction for intergalactic extinction to the redshifted templates using the 6 formulation of Madau et al. (1996) is also included. These SEDs are then fitted to the galaxy flux points using a χ 2 procedure to estimate the object redshift. This redshift value is then used to measure the bolometric luminosity by integrating the rest-frame SED of the best-fitting template, after adding back the amount of flux estimated to be lost due to dust extinction. TWSL also estimate the fraction of the bolometric luminosity that is re-radiated at 850 µm from the extinction value of the best-fitting template.
The star formation rate is estimated from the unextincted flux at the rest-frame wavelength of 1500 Å using the relation of Madau, Pozzetti & Dickinson (1998) . Support for the TWSL SED fitting method is provided by the close agreement between their photometric redshift values of the HDFN galaxies and those obtained spectroscopically (see their Figure 3 ).
We include all these measurements (photometric redshift, bolometric luminosity, star formation rate and fractional re-emission, denoted as "frac") in our analysis. We also measure the ratio of star formation rate to bolometric luminosity as an additional parameter, given the evidence that the ratio of star formation rate to galaxy mass (often called specific star formation rate) shows a strong inverse correlation with galaxy mass (Guzmán et al. 1997; Brinchmann & Ellis 2000) . This correlation suggests that the ratio of star formation rate to bolometric luminosity is also of diagnostic importance. The TWSL measurements are for 276 objects in the T99 NICMOS image of the HDFN; the D99 images are not included in this analysis. For the galaxies covered by the D99 images, we use the photometric redshifts in the current on-line version of the catalog of Fernández-Soto, Lanzetta & Yahil (1999) , which are based on combined WFPC2 fluxes and near-infrared fluxes obtained from ground-based observations. For all objects for which spectroscopic redshifts are available in the Fernández-Soto et al. (1999) catalog, these redshifts have been used in place of the photometric redshifts.
Morphological Parameters and Sizes
We attempt to quantify the galaxy morphologies using the asymmetry and concentration parameters of  hereafter C2000) and . The validity of measuring these parameters for high-redshift galaxies in WFPC2 and NICMOS images is 7 discussed by C2000. Briefly, based on CCD images of the local galaxy sample of Frei et al. (1996) , C2000 find that asymmetry measurements are not strongly affected by decreases in angular resolution until a resolution limit ~ 1 h 75 -1 kpc, at which point they sharply decrease relative to their initial value (see their Figure 19 ). The resolution of the drizzled WFPC2 images (approximately 0.04" pix -1 ) is higher than this for the adopted cosmology up to z ≅ 2, while that of the drizzled NICMOS images (approximately 0.1" pix -1 ) matches this limit more critically for the same redshift range. There thus should not exist any strong systematic errors in the asymmetry measurements of galaxies in either the WFPC2 or NICMOS images, although we return to further discussion of this point in later sections.
The concentration parameter was first defined by Kent (1985) , and a similar asymmetry parameter has been used by Abraham et al. (1996a Abraham et al. ( , 1996b . These parameters are defined as
I 0 and I 180 represent the galaxy intensity per pixel after rotations of 0° and 180° from its original position.
The value of this parameter ranges from 0 for a perfectly symmetric object to 1 for a completely asymmetric object. The percentages in the definition of the concentration parameter represent the fraction of the total intensity enclosed at the given radius. The measurements of both parameters include a correction for sky background, and were made interactively for each galaxy using an IDL-based image display and measurement program, using an adaptation of the measurement algorithm of C2000.
Specifically, the sky background was taken as the mode of the counts in a rectangular annulus surrounding the target galaxy. The area of this annulus was adjusted to have several times the area of the target galaxy and placed to exclude bright nearby neighbors. This background measurement differs from that used by C2000 involving the rotation of the background area, but was found to be more practical due to the crowded nature of the HDFN and its exceptionally low background noise. Each galaxy was 8 measured 3 -7 times, with the final values taken as the median of the separate trials, and galaxies with > 20% variance in the trial values were excluded.
These morphological parameters were chosen for several reasons. First, C2000 and Bershady et al. (2000) find that they are closely related to, and more quantitatively constrain, traditional classification systems such as Hubble type. They are also sensitive indicators of dynamically disturbed systems (C2000;
Conselice, Bershady & Gallagher 2000; see also Corbin 2000) . Finally, by measuring them we can combine our data with that of C2000, who measure these parameters for 113 bright nearby galaxies that roughly span the full Hubble sequence, using the deep CCD images of Frei et al. (1996) . The inclusion of these data thus effectively extends our analysis of the HDFN to the local universe.
The (1 + z) 4 surface brightness dimming of high-redshift galaxies will strongly affect their apparent morphologies, and so any attempt to measure them must account for this effect. Our asymmetry and concentration values are thus measured at a "metric" radius derived from the curve of growth of the galaxy brightness profile, as opposed to measuring them at a fixed isophote. This is the same method used by C2000, and is based on the parameterization first introduced by Petrosian (1976) . Specifically, under the parameterization of the galaxy intensity profile η ( r ) ≡ I( r ) / < I( r )>, where r is the radial distance from the galaxy center and < I( r )> is the mean intensity interior to it, C2000 measure their asymmetry parameters at radii corresponding to η = 0.8, η = 0.5, and η = 0.2. Given the much smaller angular size of the HDFN galaxies, we chose to measure their asymmetries and concentrations at only the largest radius, corresponding to η = 0.2. This turned out to introduce the largest restriction on the objects for which the asymmetry and concentration could be measured, i.e., excluding over two-thirds of the galaxies in the field because the η = 0.2 radius could not be reached. However, as will be discussed in more detail in § 2.4, this did not only eliminate galaxies with small angular sizes, and thereby introduce a selection effect. Rather, many of the brighter and larger galaxies in the field could not be measured to their η = 0.2 radii because of blending with neighbors. We are able to measure the rest-frame ultraviolet morphological parameters for a total of 105 galaxies and the rest-frame visible parameters for a total of 124 galaxies. The automatic object detection and measurement programs used by Williams et al. (1996) , T99 and TWSL, namely, FOCAS and SExtractor, include many objects excluded by the η = 0.2 criterion, 9 as they also include algorithms for object deblending. In addition to the η = 0.2 criterion, our measurements of the galaxy morphological parameters are restricted to galaxies detected at a signal-tonoise levels > 5, with a corresponding random error in the asymmetry and concentration measurements of < 20%. Due to the exceptionally low background levels in the images, most of the galaxies are detected at this signal-to-noise level.
Inspection of the galaxies in each of the individual WFPC2 and NICMOS filter images reveals that their morphologies do not vary strongly between adjacent filters. Before measuring the galaxy asymmetries and concentrations, we therefore decided to add together the images in adjacent filters to create a set of three images having higher signal-to-noise levels. Specifically, we formed the (F300W + respectively. We measured the asymmetry and concentration of each galaxy in each of the three images whenever possible, using the catalog lists of Williams et al. (1996) and T99 to identify objects. Using the object redshift, we then determined whether these measurements covered the rest-frame ultraviolet or restframe visible emission of the galaxy. This was based on whether the rest-frame 4000 Å emission of the galaxy fell below or above the image central wavelength. The rest-frame UV morphology and rest-frame visible morphology of objects at 0 < z < 0.74 are thus measured from the (F300W + F450W) and (F606W + F814W) images respectively, while for objects at 0.75 < z < 2.38 they are measured from the (F606W + F814W) and (F110W + F160W) images. The rest-frame UV morphology of objects at z > 2.38 is covered by the (F110W + F160W) images, while their rest-frame visible emission is redshifted out of the available passbands. The choice of 4000 Å as a dividing point between UV and visible emission is arbitrary, but is based on the galaxy population synthesis models of Bruzual & Charlot (1993) , which show that the shape of galaxy spectra below this approximate wavelength varies most strongly with galaxy age, and the associated presence of OB stars. The rest-frame emission of a given galaxy above 4000 Å is thus most likely to trace its evolved stars and underlying mass distribution.
We find good agreement between our asymmetry and concentration measurements and the qualitative appearance of the galaxies, in both the WFPC2 and NICMOS images. Examples are shown in Figure 1 , which shows both the rest-frame visible images of four galaxies (extending from z ≅ 0.1 to z ≅ 2.3) and their associated brightness profiles, as traced along their major axes. The increase in the values of A (Vis) in particular matches the progression of the asymmetries evident in the brightness profiles. This provides confidence that the asymmetry parameter measures the underlying structure of the galaxies.
Combined Measurements
In Table 1 we present the measurements used in our statistical analysis, for the objects for which morphologies could be measured. The star formation rates, bolometric luminosities and fractional luminosities of additional objects can be found in TWSL. The objects are identified by their names in the Williams et al. (1996) catalog, and have been sorted in order of increasing Right Ascension. Further discussion of errors and inclusion criteria is presented in the following section. We note that the bolometric luminosity values of TWSL and the luminosity-normalized star formation rates we formed from them have been scaled to our adopted cosmology. We also include a measurement of object size, taken from Williams et al. (1996) , for all objects for which the η = 0.2 radius could be reached.
Specifically, we use their intensity-weighted first-moment radius measured from the (F606W + F814W) image, and convert this to kiloparsecs. While this is the most robust measure of object size available, it should be treated with the greatest caution of all the measured parameters because of the uncertainty introduced by the variance in the object asymmetries and concentrations. Finally, for each object we note which of the four galaxy spectral templates (Elliptical, Sbc, Scd and Irregular) used by Fernández-Soto et al. (1999) was found to best fit its SED.
Errors, Biases, and Selection Effects
Despite the good motivations for combining the WFPC2 and NICMOS HDFN images and Frei et al. (1996) local galaxy images for measuring morphological parameters, they form a heterogeneous data set, mainly in terms of image resolution. Measurements of them may thus be subject to systematic errors. To estimate these errors, and to assess the validity of combining the C2000 measurements with our own, we performed the following tests. First, since our algorithm for the measurement of asymmetry and concentration differs slightly from that of C2000 in terms of the image background, we independently measured the asymmetries and concentrations of a random subset of galaxies in the Frei et al. (1996) images, and found agreement between our values and those of C2000 to within ~ 20%. As in the case of our measurements, there is also good agreement between the values of the asymmetry and concentration parameters measured by C2000 and Bershady et al. (2000) and the qualitative appearance of the galaxies, which further supports the combination of those measurements with our own. Concerning the WFPC2
and NICMOS images, since they differ in angular resolution by a factor of approximately two, we tested for any systematic effect caused by this difference by re-sampling the WFPC2 images to the resolution of the NICMOS images, and comparing the corresponding asymmetry and concentration measurements for a sample of approximately 15 randomly selected galaxies. We find no strong systematic differences in these measurements, although we confirm the result of C2000 and Wu, Faber & Lauer (1997) that the asymmetry values of elliptical galaxies tend to increase slightly as image resolution is lowered. The mean difference between the morphological parameters measured from the original and re-sampled WFPC2
images is approximately 20%. This indicates a source of uncertainty in the combined set of WFPC2 and NICMOS morphological measurements in addition to the relatively low errors introduced by Poisson noise in the galaxies and image background ( § 2.2). We thus estimate total random errors for the combined set of C2000, WPFC2 and NICMOS asymmetry and concentration parameters to be relatively large, in the range ~ 10% -30%. A detailed analysis (including Monte Carlo simulations) of the possible errors in the galaxy bolometric luminosities and star formation rates is presented by TWSL. In particular, they address the issue of the degeneracy in SEDs produced by dust extinction versus the age of the stellar population and how this affects their estimates of star formation rates and bolometric luminosities.
The Frei et al. (1996) galaxy sample is not complete in any sense, and so the combination of the morphological measurements of C2000 and Bershady et al. (2000) with those from the HDFN galaxies must be carefully considered. In particular, the Frei et al. sample contains only a few dwarf irregular galaxies. However, independent of the issue of how well the local galaxy population is in fact characterized, it can be said that the Frei et al. sample covers the full range of Hubble types without a strong bias towards any one part of the sequence (see Frei et al. and C2000) . This sample also contains several strongly asymmetric galaxies such as Arp 18 (NGC 4088) and NGC 4731, which may have recently undergone mergers. The Frei et al. sample is therefore not biased toward symmetric galaxies, which is important insofar as such a bias could create a false correlation between redshift and asymmetry when measurements of these galaxies are combined with those of galaxies in the HDFN. We thus proceed under the assumption that the Frei et al. sample is, to first order, representative of the local galaxy population. The lack of low-luminosity irregular galaxies in this sample may in fact be beneficial for the present comparison, since this will tend to compensate for any selection against such objects at high redshift, although, as we discuss below, we find no strong evidence of incompleteness in the HDFN sample.
As noted above, the exclusion of objects in the HDFN for which the η = 0.2 radius could not be reached would seem to introduce a bias against very high redshift, intrinsically compact and low surface brightness galaxies. However, in practice an equally important factor in whether this radius could be reached is to what degree the galaxy is isolated. The η = 0.2 radius reaches close to the outer edges of the disks of normal spiral galaxies (see C2000). Consequently, many of the apparently larger galaxies in the field could not be measured to η = 0.2 because of blending with nearby objects. This also affected smaller and fainter objects. The range of bolometric luminosities over which we are able to measure asymmetries and concentrations still extends over approximately 3.3 dex, which argues against a strong luminosity bias in the sample. To more quantitatively assess this, we performed the two-sided Kolmogorov-Smirnov test on the bolometric luminosity distributions of objects for which A(Vis) could and could not be measured.
We find that these distributions differ at only the 82% confidence level. As the total TWSL sample is 2 0% -30% complete compared to the local luminosity function to z = 2, we thus assume a similar completeness in the sub-sample for which A(Vis) is measured. The remaining incompleteness is likely due to excluding low surface brightness and/or low luminosity irregular galaxies, as well as galaxies with high levels of internal extinction which consequently have reduced rest-frame UV emission (see TWSL).
As presented in the next section, we also find no correlation between redshift and galaxy size among the galaxies for which we are able to measure the morphological parameters, which argues that we have not selected against small galaxies at high redshift.
Finally, an analysis by Storrie-Lombardi, indicates that ~ 95% of the most compact objects (those having areas < 0.2 arcsec 2 ) in the T99 portion of the HDFN are likely to be at z > 2, which is close to the limit at which our (F110W + F160W) NICMOS images still cover the restframe visible continua of these galaxies. Their exclusion thus does not seriously harm our effort to trace the evolution of the rest-frame visible morphologies of these galaxies, which as discussed previously should be a better indicator of their underlying mass distribution. The HDFN galaxies also show peaks in their redshift distribution, mainly at z ≅ 0.5 and z ≅ 1 , which is likely the effect of large-scale structure within the pencil beam of the field. The effect of these peaks on the present analysis is unclear, but any bias may again be compensated by the fact that our morphological measurements exclude some of the apparently larger and more grouped galaxies due to the overlap of their brightness profiles.
ANALYSIS AND RESULTS
We ran the Spearman rank correlation test on all pairs of measured parameters listed in Table 1 . For the comparisons involving A(Vis) and C(Vis), we include the asymmetry and concentration parameters measured by C2000 and Bershady et al. (2000) at the η = 0.2 radii of the R and r band images of Frei et al. (1996) for 113 nearby galaxies. The resulting correlation matrix is given in Table 2 Table 3 , which lists the coefficients of the first four eigenvectors. We consider first the results of the individual correlation tests, given the relatively few cases where a correlation is indicated at high (> 99.99%) confidence.
Comparisons of the A(Vis), A(UV), C(Vis) and C(UV) measurements offer additional diagnostic tests of these parameters. These comparisons are shown in Figure 2 , which shows a weak correlation in the case of the A(Vis), A(UV) comparison and a stronger correlation between C(Vis) and C(UV). This is consistent with the qualitative findings of Bunker (1999) and Dickinson (1999) that there is a general agreement between the morphologies of HDFN galaxies in the rest-frame UV and visible. Importantly, the C(Vis) values are larger on average than the corresponding C(UV) values. This is consistent with the expectation that spiral galaxies will appear less concentrated in the rest-frame UV, as the emission in that regime will be dominated by star-forming regions in their disks. Similarly, the A(UV) measurements are skewed to slightly higher values than the A(Vis) measurements, also consistent with having the galaxies' UV emission dominated by irregularly distributed regions of star formation (e.g., the galaxy HDFN 4-378;
see Bunker 1999) . The results of Figure 2 thus provide additional confidence that the chosen wavelength dividing point between UV and visible adequately discriminates between the early type and late type stars in these galaxies.
Several of the correlations with redshift are due to unavoidable selection effects. Specifically, the apparent correlations between redshift and bolometric luminosity, star formation rate, and mid-infrared fractional luminosity are likely due, as noted above, to the non-detection of dwarf galaxies, low surface brightness galaxies, and heavily extincted galaxies at z > 1. However, the strongest correlation revealed within the sample, between bolometric luminosity and star formation rate, is intrinsically meaningful.
This comparison is shown in Figure 3 . What is particularly noteworthy in this comparison is the clear deviation of the galaxies whose SEDs indicate that they are dominated by evolved stellar populations, as determined by TWSL. Not surprisingly, inspection of their images reveals that these galaxies are the most elliptical in appearance, and have the reddest colors. We discuss the possible significance of this result in the next section. The strength of this correlation clearly reduces the use of the luminosity-normalized star formation rate parameter, as this ratio is thus nearly constant.
Only two other pairs of variables are correlated at > 99.99% confidence. The first is bolometric luminosity and galaxy radius. This is not unexpected, and can be better constrained from samples of nearby galaxies. Given the related uncertainties inherent in the radius measurements ( § 2.2), this result will not be considered further. The second correlation is between redshift and A(Vis). The significance of this correlation is dependent on the inclusion of the C2000 asymmetry values: if this comparison is restricted to only the HDFN galaxies, the Spearman rank test coefficient falls to 0.250. Yet as discussed above, we believe that this inclusion is valid, based in part on our ability to reproduce the C2000 values for the same data, and the wide range of Hubble types and asymmetries covered by this sample. However,
given the large uncertainties associated with the asymmetry measurements for the combined sample ( § 2.4), as well as the uncertainties in the associated photometric redshifts, the putative correlation should only be regarded as suggestive. However, it can be noted that any systematic bias in the asymmetry measurements of the highest redshift (z ~ 2) galaxies in the sample would be that their asymmetry values are underestimated, as this would be the result if the NICMOS images do not adequately resolve them ( § 2.2). Higher asymmetry values for these galaxies would strengthen the suggested correlation.
The comparison of redshift and A(Vis) is shown in Figure 4 . In Figure 4b we show the mean values of these data after binning them in redshift intervals of approximately 0.5 (the actual size of the intervals was selected to maintain sub-samples of approximately equal numbers of objects, to within the irregularity in the redshift distribution). These mean values show a monotonic increase that is most clear when redshift is converted to look-back time. This is shown in Figure 5 , where it can be seen that the mean asymmetry values increase by a factor of approximately three from the present epoch to z ≅ 2. Two points are worth noting. First, the scatter in the comparison of the individual measurements (Figure 4a ) is obviously large, and it is possible to find galaxies as symmetric and asymmetric as the those in the nearby galaxy sample at any redshift up to z ≅ 2. However, there are no galaxies in the HDFN that match the lower asymmetry range of the local sample. In particular, all the elliptical galaxies in the HDFN have asymmetry values slightly above their local counterparts. This may, however, be an artifact of their 16 higher redshifts. Specifically, as noted previously, our simulations, as well as those of C2000 and Wu, Faber & Lauer (1997) show that while the initial decrease in the angular size of disk galaxies with redshift tends to lower their asymmetry values, for elliptical galaxies the opposite (and counter-intuitive) result is obtained, i.e., their asymmetries increase slightly as resolution is lowered. We return to further discussion of this result in the next section.
We lastly consider the results of the principal components analysis (Table 3 ). The lack of a large number of correlations between the measured parameters, and the existence of the observationally-biased correlations with redshift makes these results of limited use. It is however interesting to note that the first eigenvector is dominated by the anticorrelation of the radius and concentration parameters, although the individual correlations are not very strong ( Table 2 ). The mid-infrared fractional luminosity and luminosity-normalized star formation rate also appear to be involved in this relation. The second and third eigenvectors are dominated by the individual correlations between bolometric luminosity and star formation rate, and between redshift and A(Vis). The fourth eigenvector is most strongly related to radius and normalized star formation rate.
DISCUSSION
The interpretation of the one strong correlation we find, between bolometric luminosity and star formation rate, must take into account that both of these measurements are indirect, and to first order represent quantities scaled from the fitted galaxy spectral templates. It is thus not surprising that they are correlated at some level. As discussed previously, the sample could also be slightly biased against actively star forming but intrinsically faint galaxies such as Magellenic-type irregulars, which would weaken the correlation. However, to the extent that both quantities are accurately represented, this correlation shows the dominance of OB stars and active star formation on the value of bolometric luminosity. The deviation of luminous early-type galaxies from the main locus of points evident in Figure 3 thus suggests a more advanced evolutionary state for them than their late-type counterparts. This is consistent with the "downsizing" picture first introduced by Cowie et al. (1996;  see also Guzmán et al. 1997 and Balland, Silk & Schaeffer 1998) in which more massive galaxies are the first to form. However, these results do not necessarily imply a monolithic collapse, as opposed to hierarchical, formation process for early-type galaxies. As noted above, the elliptical galaxies in the HDFN are more asymmetric than their local counterparts, which may or may not be an artifact of their reduced angular size. If this effect is real, it suggests that these elliptical galaxies, which occur in the HDFN mainly at z < 1 (see Fig. 4a ) are not as dynamically relaxed as elliptical galaxies in the local universe. Menanteau et al. (1999) also find evidence of lingering star formation among faint elliptical galaxies identified in archival WFPC2 images, which is inconsistent with a monolithic collapse at high redshift, and Corbin et al. (2000a) identify several galaxies in the NICMOS parallel fields which appear to be elliptical galaxies in the process of merging.
A hiearchical formation process may thus apply to both disk and spheroidal galaxies, with the latter simply beginning the process earlier than the former, and also more efficiently converting their gas to stars (cf. Balland et al. 1998 ).
We proceed with the interpretation of the suggested trend between redshift and rest-frame visible asymmetry under the assumption that this trend is, while weak, a real effect involving evolution in galaxy structure. If this result is spurious, then it indicates that either previous claims of galaxy morphological evolution ( § 1) are in error due to the lack of morphological K-corrections, or else that the chosen asymmetry parameter fails to quantify this evolution. However, in support of the view that this relation is real, we note the results of Brinchmann & Ellis (2000) , who have approached this problem by making estimates of the masses of galaxies out to z ~ 1, and find a strong evolution in these masses for galaxies classified as peculiar or interacting. Indeed, a direct comparison of redshift and galaxy masses provides the most fundamental test of hierarchical formation models, and will be pursued with the present data in later studies. A drawback for such comparisons however is that the mass estimates are model dependent, and subject to the array of errors inherent in the galaxy flux measurements and SED-template fittings (see TWSL). The asymmetry parameter offers a more direct measurement, while not directly constraining a physical quantity. Measurement of this asymmetry parameter for the N-body simulations of galaxy 18 formation and mergers (e.g. Walker, Mihos & Hernquist 1996; Contardo, Steinmetz & Fritze-von Alvensleben 1998) would be very useful as a means of matching them to these observational results.
The salient feature of the look-back time / asymmetry relation ( Figure 5 ) is its continuous and roughly linear form, extending through the present epoch as defined by the nearby galaxy sample. This strongly suggests that galaxy morphological evolution is a gradual process that is continuing through the present epoch, as opposed to a relatively short (~ 1-4 Gyr) formation/relaxation epoch above z ~ 1 followed by little or no structural changes. Several lines of evidence suggest that the "minor" mergers of large disk galaxies with smaller companions dominate this process. The first is the qualitative similarity of the Nbody simulations of such mergers by Walker et al. (1996) to the appearance of many HDFN galaxies.
These simulations yield asymmetric galaxy morphologies similar to those observed (e.g. HDFN 3-430.1
and HDFN 4-660.0; Fig. 1a ) within a period ~ 0.5 Gyr before the completion of the merger. A large number of the galaxies in the present sample, e.g. HDFN 4-558.0 (Fig. 1a) show evidence of being in the early stage of such mergers, and have small, marginally resolved companions. Walker et al. (1996) find that the effect of such mergers is to effectively transform late-type spiral galaxies into early-type spiral galaxies by enlarging the galaxy bulges upon their completion. This would account for the increase in the fraction of late-type spiral galaxies with redshift noted by both Driver et al. (1998) and Im et al. (1999) , and the result of Brichmann & Ellis (2000) that morphological evolution is coupled to changes in galaxy mass. Such a model is also consistent with the evolution in the incidence of galaxy pairs (see the references in § 1), modulo the uncertainties in the relative masses of the pair members. Finally, there is ample evidence from nearby spiral galaxies that minor mergers are affecting, and will continue to affect, galaxy morphologies. First, have found that ~ 75% of isolated spiral galaxies have at least one small nearby companion, and such companions are likely to merge with the host within the next few Gyr. Second, Zaritsky & Rix (1997) and Rudnick & Rix (1998) find that the incidence of nearby spiral galaxies in which a minor merger may have recently (within < 1 Gyr) occurred is ~ 20% -30%, as judged from the asymmetry of their disks. The continuous decrease in the mean asymmetry values seen in Figure 5 would then indicate a concurrent decrease in the galaxy merger rate with time, a conclusion also 19 reached by Carlberg et al. (2000) and Le Fevre et al. (2000) on the basis of the redshift-dependence of the number of galaxy pairs.
This is not to say that major mergers of larger disk and spheroidal galaxies play no role in the observed morphological evolution. Indeed, TWSL find that two HDFN galaxies (4-186.0 and 4-307.0) have luminosities that qualify them as Ultraluminous Infrared Galaxies (ULRIGs), which at low redshift show clear evidence of being major mergers (see Surace, Sanders & Evans 2000 and references therein).
ULIRGs in the range 1 < z < 2 may comprise a significant fraction of the population of Extremely Red
Objects, which itself appears to be a significant fraction of the galaxy population in this redshift range (see Corbin et al. 2000b and references therein). However, the continuity between the asymmetry values of local galaxies not undergoing major mergers with their high-redshift counterparts (Fig. 5) , along with the simple fact that most local galaxies do not appear to be the products of major mergers, suggests that minor mergers are the dominant source of the observed evolution.
Finally, we comment on the absence of correlations that we suspected, ab initio, of being present.
There is no strong correlation between redshift and C(Vis) ( Table 2 ), which could be expected under the interpretation that the trend between redshift and asymmetry is driven by merging. That is, if as the models of Walker et al. (1996) show, minor mergers increase the bulge sizes of spiral galaxies, then before such mergers are complete such galaxies would appear less concentrated. The lack of such a correlation could be because of the choice of the outer and inner radii used in the concentration parameter, and/or could indicate a more complex relationship between morphology and minor mergers than the Walker et al. models imply. The lack of any evidence of correlation between asymmetry and star formation rate is also somewhat surprising. Le Fevre et al. (2000) have claimed that mergers boost the star formation rates of galaxies at intermediate redshifts by a factor of roughly two, as derived from [O II] line equivalent widths. Among nearby galaxies, Rudnick, Rix & Kennicutt (2000) find a similar (but smaller) increase in the star formation rates of galaxies that appear to have recently (within the last ~ 1 Gyr) undergone minor mergers. A possible explanation for the lack of such a correlation among our galaxies is the evidence that the star formation of high-redshift galaxies proceeds episodically.
Specifically, Sawicki & Yee (1998; see also Somerville, Primack & Faber 2000) find that the z > 2 20 Lyman break galaxies in the HDFN are dominated by very young (~ 25 Myr) stellar populations. Such an age is short relative to the time scale over which minor mergers produce strong asymmetries (~ 500 Myr;
see Walker et al. 1996) . Thus if merging produces a series of bursts of such short duration followed by longer periods of quiescence, it would effectively remove any correlation between star formation rate and asymmetry. This could also contribute to the lack of a correlation between bolometric luminosity and luminosity-normalized star formation rate similar to that found between galaxy mass and massnormalized star formation rate (Guzmán et al. 1997; Brinchmann & Ellis 2000) . That is, given the evidence that short-lived early type stars dominate the bolometric luminosities of these galaxies (Fig. 3) , episodic star formation would serve to obscure any mass / luminosity correlation, and consequently any correlations involving the luminosity-normalized star formation rate. Mass estimates of more galaxies above z ~ 1 will be required to test to what epochs the correlations found by Guzmán et al. (1997) and Brinchmann & Ellis (2000) extend. Alternatively, or perhaps additionally, the relation between mergers and star formation inferred among local galaxies may not apply at earlier epochs, particularly if the stellar and neutral hydrogen mass distributions of galaxies at such epochs are significantly different.
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4-775.0 1.12 3.4 0.309 3.04 0.204 
4-402.3 0.557 2.9 0.344 2.22 0.176
4-500.0 1.28 
4-752.1 1.013 4.5 0.119 
2-256.0 1.24 3.2 0.275 3.94 0.600 
3-331.0 1.08 2.6 0.285 
2-637.0 3.368 0.9 0.282 5.55
3-551.0 0.559 2.5 0.761 3.34 0.277 
2-903.0 2.233 1.4 0.550 3.14 0.366
3-486.0 0.79 3.5 0.321 3.32 0.465 1 ID is from Williams et al. (1996) catalog, where numbers have been truncated to one decimal place after the primary designation. r 1 denotes the first-moment galaxy radius from Williams et al. (1996) concentration parameters for the sample galaxies, for each object in which both could be measured.
Correlation coefficients for these comparisons are listed in Table 2 . Object symbols are based on the classification of their spectral energy distributions by Fernández-Soto et al. (1999) , with triangles denoting objects best fitted by an Elliptical galaxy spectrum, squares denoting objects best fitted by an Sbc galaxy spectrum, closed circles denoting objects best fitted by an Scd galaxy spectrum, and open circles denoting objects best fitted by an Irregular galaxy spectrum. based on the set of spectral templates used by TWSL to fit the object spectral energy distributions. Larger circles represent galaxies best fitted by "colder" templates having lower rest-frame ultraviolet flux and older stellar populations. 
